Nucleotide sequence polymorphisms of the intron of the chloroplast trnK (UUU) gene, including a matK gene, were investigated within two wild Fagopyrum species, F. leptopodum and F. statice, to assess the degree and pattern of the inter-and intraspecific differences in coding and noncoding chloroplast DNA regions in higher plants. Ten and five accessions were used for F. leptopodum and F. statice, respectively. The length of the trnK intron region in these species ranged from 2494 to 2506 bp. In the trnK intron, the net nucleotide substitution number per site (D a ) between the two species was 0.00109, lower than the nucleotide diversity (π), 0.00195 for F. leptopodum and 0.00144 for F. statice, suggesting a low level of interspecific divergence. This result seems to be due to the phylogenetic pattern that both species are interspersed with each other, which was revealed by the phylogenetic analyses based on the nucleotide substitutions and indels. In the matK gene region (1524 bp), seven and two nucleotide substitutions were found within F. leptopodum and F. statice, respectively. All of the nine nucleotide substitutions (eight of which were nonsynonymous) within and between F. leptopodum and F. statice were clustered in the 5' part of the matK gene region, and no variation was found in the 3' part. This suggests that most of the 3' part is occupied by the conserved domains that are important for the binding activity of the gene product to the precursor mRNA, and therefore implies that the 3' part is more functionally constrained than the 5' part.
INTRODUCTION
Nucleotide sequence variability in chloroplast DNA (cpDNA) at the interspecific level or higher has been surveyed primarily in order to analyze the phylogenetic relationships during the last decade. The most extensively studied cpDNA region is the rbcL gene. For example, Chase et al. (1993) investigated the phylogeny of 499 angiosperm species using the nucleotide sequence of the rbcL gene. For closely related taxa, the rbcL gene is insufficient to reveal characters that permit phylogenetic inferences. Therefore, other genes and noncoding regions have also been used to study phylogenetic relationships; these genes include matK (Johnson and Soltis, 1995) , ndhF (Olmstead and Reeves, 1995) , ORF2280 (Downie et al., 1997) , the trnT-trnL-trnF spacers, the trnL intron (Böhle et al., 1996) , the psbA-trnH spacer (Sang et al., 1997) , and the rbcL-accD spacer (Yasui and Ohnishi, 1998) .
In contrast to the extensive utilization of cpDNA variability in plant systematic studies, intraspecific variation in cpDNA sequences has been little surveyed, except for a few studies (Miyashita et al., 1994 : rbcL-atpB region and psbB-psbN-psbH-petB-petD-rpoA region in wheat-related Aegilops species; Jordan et al., 1996 : rpl16 intron in duckweed, Lemna species). In spite of the low level of intraspecific diversity, it has been attempted in some studies to infer phylogenetic relationships at the intraspecific level based on the cpDNA variation. For example, Fujii et al. (1997) investigated the nucleotide sequence variability of the three noncoding cpDNA regions (in total 1918 bp [base pairs] after alignments) in Pedicularis chamissonis (Scrophulariaceae) in Japan and the Aleutian Islands. They categorized 28 samples representing 24 populations with 17 haplotypes and successfully reconstructed the phylogenetic relationships consistent with the geographic distributions of the haplotypes. Ohsako and Ohnishi (2000) investigated the intraspecific differentiation of wild Fagopyrum (Polygonaceae) species, the congeners of buckwheat, using two cpDNA regions, i. e., the partial trnK (UUU) intron and the spacer between the trnC (GCA) and rpoB genes. In that study the two sister species F. leptopodum and F. statice were found to possess intraspecific variation in the partial matK gene as well as in the noncoding regions. Here we extend the survey of nucleotide sequences of the two Fagopyrum species to the entire trnK (UUU) intron including the matK gene to assess the degree and pattern of the intraspecific variation and the interspecific divergence in the region. The present study is the first try to clarify the intraspecific polymorphisms of the gene-coding region in chloroplast genomes of higher plants at the nucleotide sequence level. The trnK intron comprises three regions: the matK gene, which is an intron-internal open reading frame (ORF) that is thought to encode a maturase-like protein (Neuhaus and Link, 1987) , and two noncoding regions flanking both sides of the matK gene. We also analyzed the intra-and interspecific amino acid changes that have occurred in the MatK protein. These amino acid changes were compared with those in other angiosperm species to assess the pattern of changes specific to the Fagopyrum species.
MATERIALS AND METHODS
Plant materials. Table 1 shows the 10 accessions of F. leptopodum and five of F. statice used in the present study. They were sampled so that their locations represent the geographical distribution of each species. F. gracilipes, F. pleioramosum, and F. urophyllum were included as outgroups. All of the samples in the present study were those used in Ohsako and Ohnishi (2000) .
PCR amplification and direct sequencing of the cpDNA regions. The procedures for total DNA extraction, polymerase chain reaction (PCR) amplification of the trnK intron region, and direct sequencing of the PCR products were the same as described in Ohsako and Ohnishi (2000) . Primer pairs for PCR amplification of the trnK intron were trnK-3914F dicot and trnK-2R (Johnson and Soltis, 1995) .
Analyses of nucleotide polymorphisms and divergence. Nucleotide sequences were aligned manually using DNASIS version 3.0 (Hitachi Software Engineering Co., Ltd.). Two inversions in the noncoding regions were replaced by the complementary sequences (see Ohsako and Ohnishi, 2000) . Aligned sequences in the NEXUS files were analyzed with DnaSP version 3.00 (Rozas and Rozas, 1999) for the estimation of polymorphism and divergence. For each species, the average number of nucleotide substitutions between the sequences and the nucleotide diversity, π (Nei and Li, 1979) , were estimated. Between the species, the average number of nucleotide substitutions per site and the number of net nucleotide substitutions per site (D xy and D a , Nei, 1987) were estimated. All of the estimates were made for the entire sequence and for each region, i. e., the 5' noncoding region, the matK coding region, and the 3' noncoding region. Amino acid sequences of the matK gene deduced from the nucleotide sequences were aligned using DNASIS version 3.0 with those of the following angiosperm species: Magnolia cathcartii (Magnoliaceae; DDBJ/EMBL/GenBank accession AF123473), Eleusine indica (Poaceae; AF144-580), Victoria amazonica (Nymphaeaceae; AF092991), Glycine max (Fabaceae; AF142700), Oenothera elata (Onagraceae; AJ271079), Nicotiana tabacum (Solanaceae; Z00044), Arabidopsis thaliana (Brassicaceae; AP000423), Sullivantia oregana (Saxifragaceae; L34113), Chamaedaphne calyculata (Ericaceae; AF015630), and Disanthus cercidifolius (Hamamelidaceae; U77091). These species were selected from a variety of families to represent diversity among the angiosperms. The amino acid changes in Fagopyrum species were measured by two different physicochemical distances of amino acid pairs: distance as defined by Grantham (1974; d G ) and that as defined by Miyata et al. (1979; d MMY ) .
Phylogenetic analyses. Based on the nucleotide sequence variation in the trnK/matK regions, phylogenetic relationships among the accessions were inferred by the following methods: The neighbor-joining (NJ) method (Saitou and Nei, 1987) , the maximum-likelihood (ML) method, and the most parsimony method. All the analyses were performed using PAUP* 4.0 (Swofford, 1999) except for the strongest evidence parsimony (SEP), for which SEPAL 1.01 (Salisbury, 1999b) was used. In the NJ analysis, the number of nucleotide substitutions between each pair of accessions was estimated by Jukes and Canter's (1969) method and Kimura's (1980) two-parameter method. Minimum evolution was selected for the objective function. ML analyses with F81 (Felsenstein, 1981) and HKY85 (Hasegawa et al., 1985) models were performed with the branch and bound search option. For each analysis, empirical base frequencies were used, the molecular clock was not enforced, starting branch lengths were obtained using the Rogers-Swofford approximation method, and trees with approximate likelihoods 5% or greater from the target score were rejected without additional iterations. In the analysis with the HKY85 model, the transition/transversion ratio was estimated via maximum likelihood. Three different methods were used for the parsimony analyses: Unweighted parsimony (UP), implied weights (IW) method (Goloboff, 1993) , and SEP (Salisbury, 1999a) . Indels were added to the data matrix and analyzed together with nucleotide substitutions in the parsimony-based phylogenetic analyses. Branchand-bound searches were performed on PAUP* 4.0 with UP and IW optimality criteria. In each of the UP and IW analyses, the furthest addition sequence and the MulTrees options were in effect. The Bremer support index for each clade (Bremer, 1988) was calculated by either reconstructing trees up to three steps longer than the most parsimonious trees or performing parsimony analyses with the topological constraint not to make a clade monophyletic. The iterative SEP analysis was performed using SEPAL 1.01 (Salisbury, 1999b) .
RESULTS
Nucleotide sequence variation within and among species. The total length of the trnK intron in the present study ranged from 2524 to 2530 bp. The 3' terminal sequences (probably ~10 bp) could not be determined because the annealing site of the primer trnK-2R is at the border between the intron and the 3' exon of the trnK gene. Nucleotide substitutions within F. leptopodum and F. statice and between them are shown in Fig. 1 . The measures of intraspecific polymorphisms and interspecific divergence are shown in Amino acid changes in the matK gene deduced from nucleotide sequence. Intra-and interspecific amino acid changes in the matK gene deduced from the nucleotide sequences are shown in Fig. 1 and Table 3 . The matK gene was found to be 1524 bp long, encoding 508 amino acids. Seven amino acid changes at six sites were found within F. leptopodum and one change was found within F. statice. Fourteen changes were found by comparing five Fagopyrum species. Six out of seven amino acid changes in F. leptopodum are changes between the different physicochemical groups defined by Miyata et al. (1979) , i. e., nonconservative in the sense of Ohta (1993) , and the remaining change is conservative (within group 4A). For the changes within F. leptopodum, d G and d MMY ranged from 29 to 113 (64 to 176 in the rank of the values of all amino acid pairs) and 0.85 to 2.70 (66 to 171 in the rank), respectively ( Table 3 ). The single change from Asp to Glu (d G = 45 and d MMY = 0.90) in F. statice is conservative (within group 3A). All the polymorphic amino acid sites are situated in the 5' part of the matK gene. In the comparison of different Fagopyrum species, however, the variable sites are dispersed over the entire gene. All seven amino acid sites polymorphic in F. leptopodum and F. statice are also variable among the angiosperm species (Table 3) . Fig. 2 shows one of the two phylogenetic trees derived from the trnK intron sequence data by the UP method. The topology of the NJ and SEP trees is the same as that of the tree in Fig. 2 . The topology of the ML trees is the same as that of the other UP tree, which is less resolved than that in Fig. 2 . The IW parsimony method yields the two most parsimonious trees with the same topologies as those obtained by the UP method. The accessions of F. leptopodum and F. statice are divided into three groups at the base of the tree. The largest of the three groups consists of the accessions of both species, which makes them nonmonophyletic. The accession C9469 of F. statice is more closely related to F. leptopodum than to the other four F. statice accessions.
Intra-and interspecific phylogenetic relationships.

DISCUSSION
Intraspecific polymorphisms and interspecific divergence of the trnK/matK region within and between two wild Fagopyrum species. In the present study we estimated the diversity of the nucleotide sequence of the chloroplast trnK gene intron within two wild Fagopyrum species, F. leptopodum and F. statice. The estimated π values for the two species, 0.00195 and 0.00144, are comparable to the values of cpDNA regions in Aegilops speltoides determined by Miyashita et al. (1994) based on restriction site analyses: 0.00083 for the rbcL-atpB region and 0.00018 for the psbB-psbN-psbHpetB-petD-rpoA region. Among the three parts of the trnK intron, the matK coding region is less variable than the 5' and 3' noncoding regions in both species. This result is consistent with the previous findings that the matK gene is expressed in vivo (du Jardin et al., 1994) and is functional in the splicing group II introns in transcripts (Vogel et al., 1997) .
In the two species, a total of 26 variable sites are found (Fig. 1) . Twenty-three out of the 26 variable sites are polymorphic within one of the species and the remaining three are polymorphic within both species. By contrast, there is no fixed difference between the two species. In addition, the interspecific divergence between F. leptopodum and F. statice (D a = 0.00109 for the entire region) is less than the intraspecific diversity within each species. These results indicate that the two species are not so highly differentiated from each other. The lack of interspecific differentiation is confirmed by the phylogenetic analyses based on the nucleotide substitutions and indels within the trnK intron (Fig. 2) . The inferred phylogeny does not support a monophyly of either species. The breakdown of monophyly of these species is due to the inclusion of accession C9469 of F. statice in the clade of F. leptopodum. If this accession is excluded, each species retains monophyly in all trees except for one of the two UP trees. These complex interspecific relationships have been shown in a previous study (Ohsako and Ohnishi, 2000) . In the previous paper, we suggested two alternative mechanisms for nonmonophyly: One is that at least one of the two species has been derived from the ancestor more than once and the other is that hybridization has occurred between the species.
All of the seven nucleotide substitutions in the matK region within F. leptopodum are nonsynonymous. The ratio of the average number of the substitutions per nonsynonymous site (K a ) to that of synonymous site (K s ) in the matK gene among 15 accessions of F. leptopodum and F. statice is 3.974. This result is contrary to the interspecific observations in the present study and the previous reports. The corresponding value for all 18 Fagopyrum accessions surveyed in the present study is 0.584. The average ratio of K a /K s among matK sequences for groups in Taxodiaceae and Cupresseaceae is 0.385 -0.545 (Kusumi et al., 2000) . Based on K a and K s for various chloroplast genes from the comparisons among some angiosperms (Wolfe et al., 1987) , the values of K a /K s are 0.305 or lower. These values indicate that the number of substitutions per synonymous site exceeds that per nonsynonymous site at the interspecific level. We examined the significance of the excess of the nonsynonymous nucleotide substitutions within F. leptopodum and F. statice compared with those among other Fagopyrum spe-cies by McDonald and Kreitman's (1991) test. Six pairs of data sets were assessed: F. leptopodum and each of the three outgroups, and the pooled data of F. leptopodum + F. statice and each of the three outgroups. The comparison between F. leptopodum and F. statice could not be tested because there was no fixed divergence between them. Among the six comparisons, the G-test for the F. leptopodum + F. statice vs. F. urophyllum revealed a significant contrast (P = 0.0446, Table 4 ). Although other tests did not show significant difference, the low P-values suggest strong inconsistency between the substitution patterns within closely related species and those among distantly related species. To clarify whether the tendency of the excess of the nonsynonymous substitutions among closely related accessions is specific to the matK gene or not, information from other genes is necessary.
Amino acid changes within and among Fagopyrum species. Based on comparison of the nucleotide sequences of the matK gene, seven, one, and 14 amino acid changes were deduced within F. leptopodum and F. statice, and among five Fagopyrum species, respectively. Six out of seven amino acid changes within F. leptopodum are nonconservative. Especially, three changes at the amino acid positions 10, 186, and 269 within F. leptopodum are associated with an alteration of the polarity (hydrophobicity) of the side chain that might affect the structure of the protein. The physicochemical differences between the original and altered amino acids in these sites were d G = 102, 107, and 113 and d MMY = 2.62, 2.46, and 2.70, respectively-moderate values among those for all 190 possible amino acid pairs. However, we suppose that the intraspecific amino acid changes observed in the present study do not seriously affect the function of the gene product based on two observations. First, all changes occur at sites that are variable among the various angiosperm species (Table 3) . Second, all changes occur in the 5' part of the gene. It is known that most of the 3' part of the matK gene is occupied by the partial RT (reverse transcriptase) domain and domain X, both of which are shared by the various organellar group II intron-encoded ORFs and are highly conserved among those ORFs (Mohr et al., 1993) . In contrast, the 5' part of the gene neither includes such motifs nor shows conservation among various plant species. We also found that these domains are more conserved than other segments of the protein among the various angiosperm species (data not shown). The conservation of the 3' part of the gene might be due to the importance of these domains, which have been suggested to function in binding the precursor mRNA and splicing the intron (Vogel et al., 1997) . Compared to the 3' part, which includes these domains, the 5' part might be free from functional constraint.
In the present study it was found that the nucleotide sequence of the matK gene shows considerable intraspecific variation as well as divergence between sister species. The present finding that nucleotide substitutions in the matK gene are clustered in the 5' part is consistent with the function and the structure of the gene, namely, the 3' part consists of conserved domains important for the gene function as an essential factor for splicing of group II introns of plastome-encoded genes (Ems et al., 1995; Vogel et al., 1997) . Conducting molecular biological analyses and population genetic studies on a single species will be helpful for achieving further understanding of matK gene evolution. 
